A lthough frailty is a relatively newly defined concept, it has recently been suggested that it should be termed as one of the "geriatric giants" that define geriatric medical practice. 1 Frailty is characterized by the body's inability to respond adequately to external stressors and a greater risk of adverse outcomes, including disability, hospitalization, institutionalization, and death, 2 but the precursors to frailty and the associations between frailty and other geriatric syndromes are still relatively unknown. One of these questions is to what extent frailty is associated with another geriatric giant, cognitive impairment, and the different domains of cognitive function.
A number of cross-sectional and longitudinal studies have shown that frail people are more likely to have dementia or cognitive impairment and that those who already have dementia are more likely to be frail. [3] [4] [5] [6] [7] [8] [9] [10] This raises important questions about frailty as a potentially modifiable risk factor for dementia and vice versa. Furthermore, frailty and cognitive impairment share a number of common risk factors, including cardiovascular disease and depression. [11] [12] [13] [14] A recent study addressed some of these risk factors by engaging frail and nonfrail participants in an intensive exercise program over 12 weeks. 15 Nonfrail and frail participants showed an increase in cognitive ability, physical function, and quality of life, raising the possibility that interventions might delay or reverse frailty and cognitive impairment. 15, 16 Although many studies have analyzed the relationship between frailty and cognition, most have focused on dementia or change in global cognition as measured using the Mini-Mental State Examination (MMSE). [17] [18] [19] [20] [21] Few have examined the association between frailty and individual cognitive domains, and in those that have, the results have been inconsistent. The Rush Memory and Aging study found that frailty was associated with a faster rate of decline in cognitive scores across all six domains measured, including memory. 21 Other studies have suggested that memory is less affected than executive function, 19, 20 and consistent with this finding, three prospective studies have shown that frailty is more strongly associated with vascular than Alzheimer's type dementia. 7, 17, 20, 22 To understand why there is an association between these two syndromes, it is necessary to further explore the relationship between frailty, individual frailty indicators, and specific cognitive domains. Understanding the relationship may also indicate possible causal pathways that can be targeted using interventions. Furthermore, few studies have examined cognitive performance in prefrailty as well as frailty.
Previous studies on this topic have used convenience samples or have restricted their analysis to specific populations such as low socioeconomic groups that are not generalizable to other populations. 17, [19] [20] [21] The current study examined the association between frailty and cognitive function in a large population-representative sample of adults aged 50 and older. Middle-aged and older participants were analyzed independently and together, allowing comparison of the association between frailty and cognition across a broad range of age and severity of frailty, including those in the early (prefrail) stages.
METHODS

Population
Data were taken from Wave 1 of The Irish Longitudinal Study on Ageing (TILDA), a prospective study of a sample representative of the population of the Republic of Ireland aged 50 and older living in the community (not in longterm care facilities). Participants who reported a doctor's diagnosis of dementia or who were unable to consent personally to participation because of severe cognitive impairment (judged at an interviewer's discretion) were not included in Wave 1 of the study. The full cohort and assessment has been described in detail elsewhere, 23 but in brief, 8,175 participants aged 50 and older were interviewed in their own homes and then underwent a nurseadministered health assessment at one of two dedicated health centers. Participants unable or unwilling to attend a health assessment center received a modified nurse-delivered health assessment at home. The response rate to the interview was 62.0%, and 61.6% of participants (n = 6,150) completed the health (n = 5,274) or home (n = 876) assessment.
Data from participants who had participated in a full health center assessment that included all of the physical and cognitive items needed to compose a measure of frailty together with the battery of neuropsychological measures were used.
Consistent with the definition of frailty by Fried and colleagues, participants who had Parkinson's disease (n = 16) or a history of stroke (n = 67); those taking antidepressants (n = 284), dementia medication (n = 6), or levodopa and carbidopa (n = 1); and those with severe cognitive impairment (MMSE score <18; n = 11) were excluded. 24 
Assessment of Frailty
The Fried phenotypic definition of frailty was used because it incorporates a definition of prefrailty and frailty. 24 Participants were classified as frail if they met three of the following five criteria: poor grip strength, slow gait speed, low levels of physical activity, unintentional weight loss, and exhaustion. 24 Poor grip strength was assessed using a dynamometer. Two readings from the dominant hand were taken, and mean strength calculated. The 20th percentile was calculated, and populationspecific cutoffs were derived after adjustment for age, sex, and body mass index. Gait speed was measured using the GAITRite portable electronic walkway system (CIR Systems, Inc., Havertown, PA). Participants walked at their usual pace along a 4.88-m (16-foot) walkway with an extra 2.5 m at each end to allow for acceleration and deceleration. Mean gait speed was calculated from two walks. Participants who fell below the sex-and heightadjusted 20th percentile were considered to have slow gait speed, as defined according to the Fried methodology. 24 Physical activity was measured using the short form of the International Physical Activity Questionnaire, which converts levels of physical activity in various domains into predicted kilocalories expended per week. 25 Unintentional weight loss was assessed using the question, "In the past year, have you lost 10 pounds (4.5 kg) or more in weight when you were not trying to." Exhaustion was assessed using two items from the 20-item Center for Epidemiologic Studies Depression Scale (CES-D): "I could not get going," and "I felt that everything I did was an effort," with four possible responses to each question: never, rarely, sometimes, often. A response of sometimes or often to either question was classified as exhaustion. 26 Participants with three or more indicators were defined as frail, those with one or more as prefrail, and those with none as robust. 24 
Assessment of Cognitive Function
The cognitive battery included tests of global cognition, attention, memory, executive function, and speed of processing. Composite scores were calculated for each of these domains. Although each of the tests measures more than one domain of cognitive function, they were classified based on the main cognitive component involved.
Global cognition was assessed using the MMSE and Montreal Cognitive Assessment (MoCA). 27, 28 Attention was assessed according to two tasks: part 1 of the Color Trails Test and the Sustained Attention to Response Task (SART). 29, 30 The Color Trails Test involves two parts; the first requires participants to draw a line connecting circles numbered 1 to 25 in consecutive order. The second part requires connecting numbered circles while alternating between pink and yellow circles (e.g., pink 1, yellow 2, pink 3). The first part assesses visual scanning and attention. The mental flexibility involved in the switching task of part 2 assesses executive function. The SART tests the ability to sustain attention for long periods of time during a repetitive task. Participants were shown a computer screen that repeated a sequence of numbers from 1 to 9 for approximately 4 minutes. Numbers appeared every 300 ms, and participants were asked to click in response to each number except the number 3.
Memory was assessed using three methods: the Picture Recognition and Recall subtests of the Cambridge Mental Disorders of the Elderly Examination (CAMDEX), a 10-word immediate and delayed recall test using a list of 10 words previously developed for the Health and Retirement Survey, 31, 32 and self-rated memory measured using the question: "How would you rate your day-to-day memory at the present time? Would you say it is: excellent, very good, good, fair, or poor?"
Executive function was assessed using three tasks: the Visual Reasoning subtest of the CAMDEX (participants are asked to identify which of six objects would complete a pattern of three similar objects), part 2 of the Color Trails Test, and the MoCA verbal fluency subtest (participants were given 1 minute to name as many words beginning with F as they could think of). 28, 29, 31 Processing speed was assessed using a computer-based program. Participants were instructed to press a central button on the keyboard and wait for a stimulus (yes/no) to appear on screen. When the stimulus appeared participants released the central button and pressed one of two other buttons labeled "yes" or "no" to correspond to the stimulus on screen. The full task involves approximately 100 repetitions. Cognitive processing speed is measured as the time taken to release the first button on presentation of the stimulus.
Composite scores for each cognitive domain were calculated by obtaining z-scores for each cognitive test and combining them to create total scores for global cognition (MoCA and MMSE), executive function (visual reasoning, Color Trail Test part 2, MoCA "F letter" subtest), memory (visual recall, visual recognition, immediate memory, delayed memory), attention (Color Trail Test part 1 and SART), and speed of processing (Choice Reaction Time). The standardized versions of these scores constituted the composite cognitive score for each domain. Using Z scores allows the tests to be combined, which leads to more-reliable estimates of the effects on each domain, reduces the number of independent tests being conducted, and allows the predictive value of frailty indicators for each domain of cognitive function to be compared in a standardized way. These lead to estimates of effects for each domain in the population, which can be approximately related back to differences in individual tests using the population standard deviations for each test.
Covariates and Exclusion Criteria
Education was categorized as primary and below, secondary, or tertiary and above. History of stroke and chronic conditions, including joint problems, cataracts, glaucoma, age-related macular degeneration, lung disease, asthma, arthritis, osteoporosis, any type of cancer, Parkinson's disease, peptic ulcer, liver disease, varicose ulcer, alcohol or substance abuse, chronic pain, and incontinence, were ascertained according to self-report of a doctor's diagnosis. Height and weight were measured and used to calculate sex-adjusted cutoffs for the frailty measures. Participants were also asked to record all of the medications taken on a regular basis, and when possible, interviewers asked to see the packages to confirm.
Statistical Analyses
Sociodemographic characteristics of the three groups (frail, prefrail, robust) were compared. The relationship between frailty and each of the individual cognitive tests was then assessed using linear regression models.
Owing to large differences in the mean age of each frailty group, it was not deemed useful to compare cognitive test scores between groups without taking demographic factors into account. Therefore, for descriptive purposes, the marginal mean score of each cognitive test was calculated for each frailty group using regression models adjusted for age (as a continuous variable, including an age-squared term to account for nonlinear relationship between cognitive function and age), sex, and educational attainment.
Regression models were then used to estimate the association between frailty and prefrailty and each cognitive domain as measured according to composite z-scores, and these were plotted to compare the relative effect of frailty on each cognitive domain. This analysis was adjusted for age, age squared, sex, education, all chronic conditions reported, and number of regular medications. Beta coefficients from these analyses indicate differences in cognitive scores between frailty groups in terms of that standard deviation of that cognitive domain in the population.
Finally, the effect of each frailty indicator on each domain of cognitive function was assessed using separate models, with the composite cognitive scores as an outcome variable and all frailty indicators as binary variables adjusted for age, age squared, sex, education, chronic conditions, and medications, as above. For models including individual indicators of frailty, an outcome was considered statistically significant at P < .008 (.05/6), to avoid potential false positives caused by the large number of hypothesis tests.
Analyses were performed using Stata version 12.1 (StataCorp LP, College Station, TX).
RESULTS
Of 4,649 people aged 50 and over included in the analysis, 90 (1.9%) were frail, and 1,444 (31.1%) were prefrail. The prevalence of each frailty indicator in the population was roughly similar (exhaustion = 7.8%, weight loss = 5.6%, slowness = 8.6%, weakness = 8.9%), although low physical activity had a higher prevalence of 14.2%. The most common combination of frailty indicators in the frail sample was slow walking speed, poor grip strength, and low levels of physical activity (24.4% of frail sample), followed by walking speed, grip, and exhaustion (15.6%). Frail participants were significantly older (mean age 69.3 AE 11.1) than prefrail (63.8 AE 9.1) and robust (60.7 AE 7.7) participants (F 2,4638 = 111.1, P < .001) and significantly less likely to have completed the third-level education (18.9% of frail participants, 33.1% of prefrail, 39.3% of robust; chi-square (4) = 51.4, P < .001). Although a greater proportion of frail participants were female (57.8% vs 53.9% Table 1 for full demographic characteristics.)
An analysis of performance in each cognitive measure indicated that frail participants achieved significantly lower scores on the majority of cognitive tests after accounting for age, sex, and education. Table 2 shows the sample and marginal means for each cognitive test after standardizing to the sample average age, sex, and educational attainment. For example, the mean MMSE score AE standard deviation was 27.6 AE 2.2 for frail participants and 28.8 AE 1.5 for robust participants. The marginal means adjusted for age, sex, and education remained statistically significantly different, although the difference was smaller than that indicated by the unadjusted sample means. For example, the marginal mean MMSE (standard error (SE)) was 28.0 (0.2) for frail participants and 28.7 (0.03) for robust participants. There was no significant difference between frail and robust participants on only two tests: visual recall and visual recognition.
Using composite scores representing the six cognitive domains-global cognition, executive function, memory, attention, processing speed, self-rated memory-linear regression was used to determine whether being prefrail or frail significantly predicted poorer scores in each cognitive domain. Figure 1 indicates a dose-response relationship whereby prefrail participants scored statistically significantly less well than robust participants, and frail participants scored significantly lower than prefrail participants on tests of global cognitive function, executive function, memory, and attention, after adjusting for all other covariates. Processing speed and self-rated memory were not significantly worse in frail participants, although the direction of the observed effect was similar to that in the other cognitive domains. For example, prefrail participants had an average global cognitive function score 0.14 AE 0.03 points lower than that of robust participants, and frail participants had an average global cognitive function score 0.43 AE 0.03 points lower than that of robust participants. This corresponds well to the differences seen in individual test scores adjusted for demographic differences (Table 2) . For example, there is a marginal mean difference in MoCA score of 0.6 points between prefrail and robust participants and a difference of 1.3 points between frail and robust participants (with the population standard deviation for MoCA approximately 3 points).
The same analysis was conducted separately for each of three age categories (50-64, 65-74, ≥75). Although a similar relationship was found between frailty and global cognitive function in each age group, executive function was associated with frailty only in the group aged 75 and older (B = À0.37, SE = 0.16, P = .03), and memory was associated with frailty only in the group aged 50 to 64 (B = À0.35, SE = 0.13, P = .005). Nevertheless, the numbers with frailty were small when broken into age categories (n = 34, 20, and 36 in each age category, respectively), so care must be taken in interpreting these results. (Full results reported in Appendix S1.)
Finally, the score for each cognitive domain was regressed on the five individual frailty indicators simultaneously after adjusting for all covariates, with the cut off for statistical significance of P < .008 used to account for multiple testing. Processing speed, attention, and executive function were statistically significantly poorer in participants with slow gait speed. Executive function was also lower in participants with poor grip strength. Objectively measured and self-rated memory were not statistically significantly associated with any specific frailty indicator at the P < .008 level (Table 3) . Weight loss and low levels of physical activity were not independently associated with any cognitive domain.
DISCUSSION
Middle-aged and older participants of a large populationrepresentative sample who were prefrail or frail had statistically significantly poorer performance in multiple domains of cognitive function than their robust peers, after adjusting for age, sex, educational attainment, chronic conditions, and number of medications and excluding those with stroke, severe cognitive impairment, or antidepressant use. Although the absolute difference in mean cognitive function between the groups after adjusting for confounders was small, the dose-response relationship between increasing levels of frailty and poorer cognitive function supports the association, and small differences in cognitive scores could be considered substantial with respect to the variability of cognitive tests in this population. For instance, although the absolute differences in global test scores between the frail and robust participants were small in clinical terms (~1 point in each case), they represent changes of approximately 0.4 standard deviations with respect to the distribution of scores in this young, healthy population.
Conducting the analysis stratified according to age group (50-64, 65-74, ≥75) suggested that attention may be associated with frailty only in those aged 75 and older, whereas memory may be associated with frailty only in those aged 50 to 65, although the numbers of frail participants in these groups were small, so the results should be interpreted with caution. Individual indicators of frailty were also independently associated with cognitive function. Processing speed, executive function, and attention were associated with weak grip strength and slow walking speed, but memory and self-rated memory were not independently associated with the indicators of frailty after adjustment for chronic conditions and medication. These findings contradict some previous studies suggesting that frailty is not significantly associated with poor memory 17, 19, 20 but concur with findings from the Rush Memory and Aging study, which found that higher levels of frailty were associated with a faster rate of decline in all cognitive domains. 21 This discrepancy may have occurred because of the small or homogeneous samples in previous studies. 17, 19, 20 Previous work has suggested that only slow gait speed and weak grip strength are associated with greater risk of developing mild cognitive impairment (MCI) or non-Alzheimer's disease dementia.
5, 21 The current results may support the latter findings to some extent because gait speed and grip strength were associated with lower executive function, one of the hallmark cognitive domains of nonAlzheimer's disease dementia.
Several mechanisms have been suggested as mediators in the relationship between frailty and cognition. These include biological and psychological factors, including neuropathology, cardiovascular disease, inflammation, hormonal changes, nutrition, social isolation, and social vulnerability. 10 A recent review on the topic of cognitive impairment and frailty outlined a hypothetical model describing how these mechanisms interact with each other to influence the cycle of frailty and cognition. 10 The results of the current study suggest that the cognitive part of the model could be further refined because not all cognitive domains may become impaired simultaneously but may become impaired depending on the age and frailty indicators present. For example, a person with slow walking speed may have poor executive function specifically but not poor memory. This is interesting in light of previous work on gait speed and cognition that found that both were associated with smaller volume of the prefrontal area of the brain. 33 It is possible that the etiology of frailty and cognitive decline may differ depending on which indicators of frailty are present. Marginal means were estimated using a regression model and standardized to the population average age, sex, and educational attainment such that the confounding effect of these factors was removed. The strength of this study lies in its comprehensive, nurse-led health assessment that included an extensive battery of cognitive tests and objective assessments of gait speed and grip strength. The current body of knowledge of the link between frailty and specific cognitive domains is limited to a small number of studies. 10 The main limitation is the cross-sectional nature of the data, which limits the ability to determine causality. Nevertheless, understanding cross-sectional associations between frailty and cognitive function is important for understanding the challenges of managing each syndrome. The lack of a criterion standard for calculating frailty is a problem common to all studies, although a definition very close to the original phenotypic definition of frailty was applied in the current study. Conceptually separating the frailty syndrome from the indicators used to define it is also difficult. The current study showed that gait speed and grip strength were specifically associated with executive function, processing speed, and attention and that individuals defined as frail had lower cognitive scores on most tests than those who were defined as prefrail or robust, suggesting that frailty defined in this way is valid for the purpose. Finally, this cohort is relatively young (mean age 61.8, range 50-93) and as such may not be representative of people who are regularly seen in geriatric clinics. This cohort will be followed up over a number of years, and future studies will determine the longitudinal outcomes of the prefrail, frail, and robust populations as they age.
In conclusion, in this cohort of individuals with a mean age in the mid-60s, there were statistically significant, albeit small, differences in cognitive function between those who were robust, prefrail, and frail as defined according to .01, c .001. Showing beta coefficients (standard errors) and 95% confidence intervals. Robust group compared with prefrail and frail. Z-scores were standardized such that the mean domain score of robust individuals was 0, with the score indicating the difference in terms of standard deviation of composite cognitive domain scores. For example, frail individuals scored 0.43 standard deviations less than robust individuals on global cognitive tests, after adjusting for covariates. relationship. Small absolute effects suggest that, although a range of confounders were controlled for, residual confounding is a possibility and that longitudinal data are needed to validate the association.
